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Abstract

:

The utility of sterically hindered phenols (SHPs) in drug design is based on their chameleonic ability to switch from an antioxidant that can protect healthy tissues to highly cytotoxic species that can target tumor cells. This work explores the biological activity of a family of 45 new hybrid molecules that combine SHPs equipped with an activating phosphonate moiety at the benzylic position with additional urea/thiourea fragments. The target compounds were synthesized by reaction of iso(thio)cyanates with C-arylphosphorylated phenols containing pendant 2,6-diaminopyridine and 1,3-diaminobenzene moieties. The SHP/urea hybrids display cytotoxic activity against a number of tumor lines. Mechanistic studies confirm the paradoxical nature of these substances which combine pronounced antioxidant properties in radical trapping assays with increased reactive oxygen species generation in tumor cells. Moreover, the most cytotoxic compounds inhibited the process of glycolysis in SH-SY5Y cells and caused pronounced dissipation of the mitochondrial membrane of isolated rat liver mitochondria. Molecular docking of the most active compounds identified the activator allosteric center of pyruvate kinase M2 as one of the possible targets. For the most promising compounds, 11b and 17b, this combination of properties results in the ability to induce apoptosis in HuTu 80 cells along the intrinsic mitochondrial pathway. Cyclic voltammetry studies reveal complex redox behavior which can be simplified by addition of a large excess of acid that can protect some of the oxidizable groups by protonations. Interestingly, the re-reduction behavior of the oxidized species shows considerable variations, indicating different degrees of reversibility. Such reversibility (or quasi-reversibility) suggests that the shift of the phenol-quinone equilibrium toward the original phenol at the lower pH may be associated with lower cytotoxicity.
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1. Introduction


The challenge in the development of antitumor drugs is to achieve the selective death of tumor cells with no toxic effects on the normal tissues. A promising approach for achieving this goal and creating drugs with selective antineoplastic action is based on using specific conditions that exist in tumors. For example, malignant neoplasms can have a more acidic pH than normal cells. The acidification occurs because the transformed cells rely on glycolysis as a key energy pathway. In this pathway, the conversion of glucose to lactic acid causes acidification of the environment. This phenomenon, known as the Warburg effect, is thought to be one of the fundamental metabolic changes in tumors [1,2,3]. Therefore, molecules containing motifs capable of pH-dependent transformation can be used for selective targeting of neoplastic cells [4,5,6]. Furthermore, the efficiency of such tunable antitumor drugs may be increased by direct modulation of the glycolysis process.



Another characteristic feature of tumors is a high concentration of reactive oxygen species, which cause and propagate genetic abnormalities [7]. Phenolic compounds are capable of modulating the process of oxidative stress and switching the type of activity [8,9,10]. This property accounts for the increasing role of phenols as important structural components in the construction of smart drugs. Sterically hindered phenols (SHPs) represent a class of known phenolic antioxidants that have compounds with strong anticancer activity [11,12,13,14,15] as well as activity against other diseases associated with oxidative stress [16]. Such compounds have a dual “chameleonic” character. Under normal conditions, they effectively protect cellular membranes from the damaging action of reactive oxygen species (ROS) and can reduce the toxic effects of drug therapy. However, at high ROS levels, phenolics are converted into reactive quinone methides [17,18,19], which have a destructive effect on lipids, proteins and DNA, resulting in the death of tumor cells. This duality of SHPs [10,20] seems ideal for the development of new drugs but, in order to harness the high reactivity of quinone methides and avoid undesired effects on the healthy cells, one needs to achieve spatiotemporal control of their localization and activation.



To construct new anticancer compounds in the presented work, we pursued a hybrid approach that combined the following conceptual elements presented in Figure 1:




	(a)

	
Regulation of the efficiency of quinone methide generation in vivo by introducing electron-withdrawing phosphoryl groups at the benzylic position of SHPs;




	(b)

	
Modification of compounds with diaryl urea fragments known to interfere with glycolysis pathways, the important energy source for cancer metabolism.









Quinones are redox-active molecules that can undergo multiple redox cycles mediated by their anion radicals, which leads to the formation of ROS (Figure 1) [21,22,23]. The reactivity of p-alkyl-substituted phenols can be regulated by introducing various substituents at the benzylic carbon, which significantly affect the rate of initial hydrogen atom transfer. Although the formation of the phenoxy radical is believed to be the rate-determining stage, the presence of an EWG phosphonate fragment on the methylene group assists in the formation of quinone methides and their anion radicals by further activating the doubly benzylic C-H bond. It is well known that the phosphonate group can increase the acidity of C-H by more than 13 orders of magnitude [24,25]. Additionally, the presence of phosphonate moieties has been used to improve the bioavailability of known anticancer drugs [26,27,28]. Furthermore, adding a Ph group at the benzylic carbon of toluene increases the C-H acidity by 9 pKa units (Figure 1D). Together, the effects of all three substituents should greatly acidify the benzylic C-H bond. Intriguingly, the calculated O-H BDFE (Bond Dissociation Free Energies) in p-cresol decrease from 78 to 39 kcal/mol upon C-H deprotonation (Figure 1E), explaining how C-H acidity can be coupled to the antioxidant activity of such phenols. The important added benefit of C-H deprotonation is that it also paves the way for the formation of quinone methide radical anions, a reactive intermediate that can transfer an electron to molecular oxygen with the simultaneous formation of two reactive species (the quinone methide and the superoxide anion).



Functional groups capable of selective binding to proteins upconverted in tumor cells can increase the selectivity of tumor targeting. In this context, urea derivatives offer an opportunity to establish a network of drug–target interactions through the formation of hydrogen bonds [29,30,31,32,33]. Such interactions can be an important element of molecular recognition and bioactivity. The NH fragment behaves as a hydrogen bond donor, while the oxygen or the sulfur atom of urea acts as an acceptor (Figure 1). For example, the urea fragment plays a significant role in molecular recognition and inhibition at the active center of intracellular kinases and cell surface receptor tyrosine kinases such as vascular endothelial growth factor receptors, as observed with the anticancer drugs Sorafenib and Lenvatinib. Due to the density of H-bond fragments and synthetic versatility [34,35,36], ureas play a significant role in creating promising small molecule drugs that can selectively bind to tumor cells and, under the influence of various factors, exert the desired effect.



Thus, our aim is to develop antitumor compounds which have cytotoxic effects on tumor cells but exhibit only antioxidant activity in healthy cells. As a platform for combining these components, we used diarylmethylphosphonates containing SHP fragments, which we had obtained in high yields by addition of activated electron-rich aromatics at the electrophilic carbon of α-phosphorylated quinone methides [37]. The presence of terminal amino groups in these structures allows for the introduction of various active moieties and opens broad prospects for the development of hybrid antitumor drugs.




2. Results


2.1. Chemistry


To obtain the target compounds, we synthesized the key intermediates—diarylmethylphosphonates containing SHPs and terminal amino groups. These compounds are powerful electrophiles that can alkylate activated electron-rich aromatics without catalysts. In the synthesis of ureas, we used the classic method based on the interaction of isocyanates with primary amines, as illustrated in Scheme 1. Chloroform was chosen as the solvent where urea derivatives precipitate during formation, which simplifies the isolation of the reaction product.



Disubstituted urea derivatives 5–17 are formed cleanly when diamines 3a–d and 4a,b,d react at room temperature with 8–10 equivalents of aryl isocyanates. Despite using the same large excess of isocyanate, the reactions of 4-chlorophenyl isocyanate with derivatives of 2,6-diaminopyridine 3a and 4-nitrophenyl isocyanate with 3a,b were incomplete and formed difficult to separate mixtures of mono- and disubstituted products, which we were unable to isolate individually.



We isolated crystals of monosubstituted urea derivatives 7a,b from a DMSO solution of a mixture of mono- and disubstituted reaction products upon evaporation. Their molecular structure obtained from X-ray crystallography is shown in Figure 2. Compounds 7a,b crystallize in the centrosymmetric space group P-1. The bond lengths, valence and torsion angles in the molecules of compounds 7a,b in the crystal are in the ranges of characteristic values for the corresponding types of bonds. It is shown that the molecular structure for the compounds is stabilized by the intramolecular N11H11…N5 H-bond. The crystal packing of these compounds is mediated by a large number of H-bonds (see Supplementary Materials pp. 22–27, Figures S1 and S2, Tables S1 and S2 for a more detailed discussion).



Independent of conditions, 2,6-diaminopyridine derivatives 3a–d react with only one mole of phenylisothiocyanate to form monosubstituted thiourea derivatives exclusively and in high yields (18a–d, Scheme 1). On the other hand, the more reactive diaminobenzenes 4a,b,d can form disubstituted derivatives 19a,b,d with an excess (e.g., eight equivalents) of phenylisothiocyanate. It should be noted that the reaction time in the thiourea synthesis increased up to 15 h, even when heating the reaction mixture in chloroform.



The 1H, 13C and 31P NMR spectra were fully consistent with the proposed structures. Additionally, the structures of compounds 5a,c,d; 6a,b; 18a,b,d and 19a,b,d were confirmed using 2D correlation NMR experiments (1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC; see Supplementary Materials Figures S70–S103). The benzylic CH proton is clearly resolved in 1H spectra due to its intrinsic chemical shift and is also readily identified by the presence of 2JPH constants of ca.25 Hz. 1H-13C HMBC correlations along aromatic rings and adjacent substituents were established. The principal HMBC correlations of compounds 5a,c,d; 6a,b; 18a,b,d and 19a,b,d (see Supplementary Materials) also show connections between the methyl group at the phosphorus atom and the aromatic ring carbons and between the NH protons of ureas and carbon atoms of the aromatic system. For compound 5d, a mixture of stereoisomers, likely originating from restricted rotation, is observed. The 1H-31P HMBC correlation spectrum (Figure 3) of this compound contains a set of cross-peaks characterizing the interaction of the phosphorus atom with protons of the phenoxy group, methyl group, spatially hindered phenol and 2,6-diaminopyridine fragment.



Thus, the interaction of C-arylphosphorylated derivatives of 2,6-diaminopyridine and 1,3-diaminobenzene with arylisocyanates and phenylisothiocyanate opened access to a family of phosphorus-containing SHPs with aryl urea or phenyl thiourea appendages. In the next step, the synthesized compounds were tested for cytotoxicity in vitro against human tumor and normal cell lines.




2.2. Biological Evaluation


A wide selection of biological properties was studied for the synthesized compounds in order to determine their antitumor potential and to gain insights into the mechanisms of their action. In particular, we studied the antioxidant properties (both in vitro and in selected assays), the effect on metabolism (glycolysis of tumor cells), the modulating effect on the functional characteristics of isolated rat liver mitochondria and the direct pro-apoptotic effect.



2.2.1. Cytotoxic Profile


To start, the new compounds were tested for cytotoxicity against cancer and normal cell lines. Table 1 presents cytotoxic activity as the IC50 values (the concentration of compound that causes 50% cell death in the test population) for the most active compounds. Upon 24 h incubation of cell lines with the tested compounds, a pronounced death of the tumor cells was observed, as evidenced by the IC50 values less than 15 μM for compounds 8b, 14b, 17b (against human duodenal adenocarcinoma HuTu 80) and 14b (against human breast adenocarcinoma MCF-7).



It is important to note that for some compounds there was a decrease in the toxic effect on the non-transformed Chang liver cell line, which can obviously indicate a possible selective effect of the substances, specifically on neoplastic cells. Compounds 5a,c,d; 6a,b,d; 8a,c,d; 9a,b,c; 10a,c,d; 11c,d; 12c,d; 13d; 14a,d; 15a,d; 16a,d; 17d; 18a,b,d and 19a,b,d are not shown in Table 1 as they had no cytotoxic effect against cells of tumor origin (M-HeLa, MCF-7, HuTu 80, SH-SY5Y) and their IC50 exceeded 70 μM.




2.2.2. Analysis of the Antioxidant Potential of Compounds: Switch from Antioxidants to Oxidants


To characterize the antioxidant potential of the active compounds, their effect on the process of lipid peroxidation in rat brain homogenates was studied using a modified variant of the TBA assay in a tablet format. Additionally, to obtain more specific information on the possible mechanism of antioxidant action, we studied the radical-trapping activity of the key compounds in the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Oxygen Radical Absorbance Capacity (ORAC) assays. Figure 4 shows the data on the antioxidant potential of the synthesized compounds. At 100 μM concentration, the antioxidant activity in the lipid peroxidation test for the most reactive ureas, 17b, 5b and 11b, was similar to that of their parent amines (3c and 3d). All of these compounds inhibited lipid peroxidation from 65% to 99% (Figure 4). This result indicates that antioxidant properties mainly originate from the phenol moiety that is unchanged upon the transformation of free amines into their urea and thiourea derivatives.



However, analysis of the concentration dependency of the antioxidant effect revealed interesting differences between these compounds. In particular, all ureas are better antioxidants than their parent amines at the lower concentrations because they have a much smaller “induction range” of concentrations where no antioxidant activity is observed.



When exploring the possible mechanisms of antioxidant action, it was shown that all the tested compounds have direct radical quenching activity. In the DPPH test, the highest value (64.8 ± 0.7%) was found for 17b. This activity greatly (by factors of 2 and 4) exceeded the activity of the parent SHP derivatives 3c and 3d.



In addition, most of the tested substances displayed levels of oxygen radical absorbance capacity at the level of Trolox, a popular phenolic water-soluble antioxidant. In the case of the DPPH test, compound 17b was the most active, with a Trolox equivalent value of 1.27.



However, the above results were obtained under nearly neutral conditions (pH 7.4) and simulated oxidative stress using chemical reactions, as well as a model of biological membranes, albeit derived from the brain of laboratory animals. To approximate the conditions in a living organism more closely, we studied the effect of the tested substances on the level of free radicals directly in the tumor cells. Figure 5 shows the results for compounds 11b and 17b, which had the most pronounced antioxidant ability. The data clearly indicate that intracellular ROS level in HuTu 80 cells after 48 h of incubation significantly increased upon exposure to 11b and 17b at maximum concentration ((670.7 ± 7.2%) and (400.2 ± 5.2%), respectively).



Thus, the analysis of the most effective cytotoxic compounds found high antioxidant activity expressed as the ability to suppress the lipid peroxidation process of rat brain homogenates. The antioxidant activity of cytotoxic compounds was further supported by direct antiradical activity in the ORAC and DPPH tests. However, under conditions of oxidative stress at the cellular level, compound 17b increases the formation of peroxyl radicals in cells. Like chameleons, the new phenol urea hybrids switch their nature—from antioxidants (outside of cells) to oxidants (inside of tumor cells). This remarkable change reflects the intrinsic redox duality of the phenol/quinone methide redox pair (presented in Figure 1) which qualifies them as “smart biological agents”—protecting healthy tissues under the conditions of low oxygen radical stress and switching to a cell-damaging “warhead” under oxidative stress in the tumors.




2.2.3. Analysis of the Effect of Synthesized Compounds on Tumor Cell Metabolism—Glycolysis and the Activity of the Key Allosteric Enzymes of This Process


It is well known that tumor cells have a proliferative metabolic phenotype in which they exhibit increased glycolytic activity in contrast to the normal cells in a body. This difference indicates the important role of metabolic reprogramming in the progression of oncopathologies and stimulates the search for substances that inhibit the process of glycolysis. Such compounds promise to restore the energy metabolism of transformed cells from the predominant glycolytic pathway to oxidative phosphorylation and restrict the continuous proliferation of tumor cells.



We studied the ability of compounds to inhibit aerobic glycolysis using the Agilent Seahorse XF96e Analyzer (Seahorse Bioscience, North Billerica, MA, USA) assay of cellular metabolism on the level of proton production in samples examined on the SH-SY5Y neuroblastoma cell line using glycolysis stress tests. The extracellular acidification rate of the medium was measured in real time, which allowed us to assess the intensity of glycolysis in the cells by recording the main parameters of glycolytic function: basal glycolysis, glycolytic capacity and glycolytic reserve. Glycolytic capacity describes the maximum amount of glycolysis/glucose breakdown the cells can perform acutely, whereas glycolytic reserve is defined as the difference between the basal and maximal glycolytic capacity.



Glycolysis in SH-SY5Y tumor neuroblastoma culture as the main neoplastic cell energy state in the presence of compounds 11b, 14b and 17b led to a decrease in the rate of extracellular acidification when saturating amounts of glucose were added to the system and thereby suppressed glycolytic function (Figure 6b). When oligomycin was administered, an ATP synthase inhibitor that blocks the last step of oxidative phosphorylation, significant acidification of the medium was observed in the control group, indicating intense glycolysis and lactic acid release. In contrast, for 11b, 14b and 17b, a decrease in glycolytic capacity was observed, which is obviously related to the suppression of lactate production by these substances. Moreover, for two compounds, 11b and 17b, the ability to decrease glycolytic reserves was also found.



Thus, the highest efficacy in suppressing the glycolytic function of SH-SY5Y neuroblastoma cell cultures was observed for 11b and 17b. For a more detailed understanding of which molecular mechanisms encourage glycolysis inhibition to occur, we performed a molecular docking procedure into the binding sites of pyruvate kinase (PDB ID: 4G1N) and hexokinase (PDB ID: 5HEX). Despite the fact that there are quite a lot of enzymes that catalyze the reactions of the glycolytic pathway, it is hexokinase and pyruvate kinase that are speed-limiting ones [38,39]. Therefore, targeting these enzymes is a promising strategy in the search for modulators of metabolic function in a tumor cell [38,39]. Consequently, our goal was to gain deeper insights into the interaction between the compounds and the allosteric centers of the enzymes.



The data obtained by molecular docking to the binding site of glucose-6-phosphate hexokinase 2 are presented in Table 2. The pose of reference ligand 2-[(3-bromobenzene-1-carbonyl)amino]-6-{[(4-carboxy-5-methylfuran-2-yl)sulfonyl]amino}-2,6-dideoxy-alpha-D-glucopyranose was reproduced with an RMSD of 1.3849.



All compounds studied through molecular docking of the glucose-6-phosphate hexo-kinase 2 binding site reproduced receptor–ligand positions. However, the resulting Docking Score does not meaningfully exceed that of the reference ligand, from which we can conclude that the binding site of glucose-6-phosphate-hexokinase 2 is most likely not the main target of the compounds under study.



The data obtained by molecular docking of the compounds at the activator allosteric site PKM2 are presented in Table 3. The position of the reference ligand N-(4-{[4-(pyrazin-2-yl)piperazin-1-yl]carbonyl}phenyl)quinoline-8-sulfonamide was reproduced with an RMSD of 1.57.



During docking to the activator binding site of pyruvate kinase 2 (PKM2), all compounds reproduced the mode of docking. It should be noted that for compound 17b, only the R isomer produced a viable docking pose. It is also noteworthy that all compounds had a Docking Score above that of the reference ligand, which may indicate their possible higher binding affinity compared to the comparison drug. Figure 7 shows the possible location of the compounds under study at the center of the allosteric activator pyruvate kinase PKM2.



The calculated binding geometries underscore the ability of urea moieties to participate in multiple H-bonding interactions with the active sites of enzymes. For example, all three substrates in Figure 7 engage in N-H…O=C bonding with the protonated Lys311 moiety at the active site. Furthermore, the aromatic rings of the diaryl urea unit participate in p/p interactions with the aromatic residues of the protein.



The ability of 11b and 17b to inhibit glycolysis and to affect the activity of an enzyme catalyzing the key step in the glycolytic pathway is certainly beneficial for their antitumor activity.




2.2.4. Study of the Effect of Compounds on Mitochondrial Characteristics


The capacity to influence the functional characteristics of mitochondria, i.e., the organelle that plays a key role in activating the cascade of cell death through apoptosis, can contribute to the antitumor activity of the compounds. As we know, in the neoplastic process, the key element for uncontrolled proliferation and the maintenance of tumor cell growth is the suppression of apoptotic processes that should protect the organism by killing the transformed cells.



The transmembrane potential of isolated organelles was considered as a parameter of mitochondrial function for the action of potential antitumor agents. The transmembrane potential is a fundamental characteristic that induces selective membrane permeability and controls the initiation of the cell death cascade. Several molecules in this group were found to affect mitochondrial characteristics and, in particular, depolarize the mitochondrial membrane. Compounds 11b and 17b were the most active, reaching the 50% level of depolarization at a concentration of 100 μM. Moreover, this activity is concentration-dependent. Figure 8 shows that membrane potential dissipation rate increases with the concentration of tested compounds. Thus, nearly 100% depolarization was observed for 17b at a concentration of 200 μM.




2.2.5. Pro-Apoptotic Effect of Compounds 11b and 17b


As discussed above, the leading SHP/urea hybrids, 11b and 17b, combine selective toxicity towards tumor cell lines with being effective antioxidants capable of inhibiting glycolysis in transformed SH-SY5Y cells and depolarizing the mitochondrial membrane, thereby exhibiting a potential pro-apoptotic effect. For these substances, the ability to induce apoptosis in HuTu 80 cells was directly investigated.



Mitochondria in eukaryotic cells are major components of respiration and play a key role in protection against oxidative stress-induced damage. As we discussed earlier, maintaining the level of Ψm is important for efficient ROS interception and for cytoprotective properties against aponecrotic events caused by excess ROS. Therefore, the influence of lead compounds on mitochondrial membrane potential and intensification of the apoptosis process were investigated using the fluorescent dye JC-1. JC-1 is a Ψm- sensitive marker that aggregates in the mitochondrial matrix and emits a red fluorescent signal in healthy cells. When Ψm decreases, JC-1 changes to a monomeric state, exhibiting green fluorescence. As expected, 48 h incubation of HuTu 80 cells with the studied substances at concentrations equal to ½ IC50 and IC50 cytotoxicity revealed a marked decrease in Ψm, which was detected by flow cytometry (Figure 9). In addition, this effect was concentration-dependent (Figure 9).



Thus, these results, along with the earlier experiments on isolated mitochondria, suggest that an additional mechanism of antitumor action in compounds 11b and 17b is the ability to induce apoptosis through the internal mitochondrial pathway.





2.3. Electrochemical Measurements


Cyclic voltammetry is commonly used to characterize the reduction ability and electrochemical behavior of phenolic antioxidants [40,41]. Generally, there is a correlation between antioxidant and pro-oxidant activity and oxidation potential. However, the connection between the ability to donate an electron and the ability to intercept radicals is not always straightforward and exceptions do exist [42], especially when multiple redox-active groups are present.



Since the SHP/urea hybrids contain several redox-active functionalities, we have used cyclic voltammetry (CV) to understand their mutual influence on each other. At the first stage, we compared the CV of the key SHP subunits to evaluate the influence of each fragment (Figure 10). As the structure becomes more complex, the potential shifts to a more anodic region. The oxidation potential of the parent ionol is known to be in the range of 1.45 V (in CH3CN vs. Ag/AgCl, see Figure 10), while diphenyl urea is oxidized at a slightly higher potential (1.60 V vs. Ag/AgCl). Introduction of the electron-withdrawing phosphonate group at the benzylic position very slightly shifts the first oxidation wave without dramatically changing its shape. On the other hand, oxidation of the full SHP/urea hybrid (blue wave in Figure 10) is more complex, suggesting the possibility of several oxidation steps (oxEp1 = 1.56; oxEp2 = 1.87).



The electrochemical experiments were carried out in acetonitrile solution with the addition of increasing amounts of trifluoroacetic acid. Protonation by the acid can protect several of the functional groups from oxidation, which can simplify analysis of the complex multicomponent voltammograms.



Some of the findings are intriguing. For example, the two SHP/urea hybrids 13b and 14b differ only in the position of a Me group at the terminus (i.e., meta vs. para), though 14b is around five times more cytotoxic than 13b. The origin of this difference is, without doubt, complex and may not originate from a single factor. However, intriguingly, the CV experiments suggest that these two compounds are also quite different electrochemically.



Compound 13b has two characteristic oxidation peaks (see Supplementary Materials Figure S3, black), which are particularly visible in the semi-differential form (see Supplementary Materials Figure S3, bottom right). When the acid is added, the appearance of the oxidation curves changes significantly. Addition of 30 eq of acid leads to a quasi-reversible wave (see Supplementary Materials Figure S3, top right), which in turn indicates that under acidic conditions the phenol–quinone equilibrium can be shifted back toward the parent phenol by re-reduction. It is possible that the quick restoration of the phenol prevents 13b from triggering the mechanisms described in Scheme 1.



On the other hand, a structurally similar compound, 14b, shows a fundamentally changed electrochemical behavior (see Supplementary Materials Figure S4), which is revealed upon the addition of acid. Since there are as many active redox centers in 13b as in 14b, we see sequential oxidation in these compounds with several peaks with similar potentials. Measurements in the presence of the excess of trifluoroacetic acid reveal that the fragment belonging to the OH group does not differ in terms of oxidation potential. However, it differs greatly at the re-reduction part of the curve. Even in the presence of the acid, oxidation remains irreversible (see Supplementary Materials Figure S4, right), which is especially apparent in the semi-differential CV.



This observation suggests that it is possible to quickly scan for potential effective substances by using inverse semi-differential linear voltammetry (iSDLSV) and assessing the reversibility of the oxidation process (Figure 11). In Figure 11, the iSDLSV of an effective substance, 14b, is fundamentally different from iSDLSV for its structural analogue, 13b, differing by only one substituent at the remote terminus.



Thus, the nature of electrochemical oxidation waves underscores the multifunctional character of the SHP/urea hybrids. Oxidation of the molecule results in several oxidized states originating from the sequential electron transfer steps. Many of these steps are irreversible, highlighting the high reactivity of such species towards oxidants. Protonation can deactivate some of these redox transitions, providing a simpler picture which is helpful for disentangling the individual contributions (see Supplementary Materials pp. 27–30, Figures S5–S7 for a more detailed discussion).





3. Discussion


Currently, there is a significant amount of data indicating that phenolic compounds possess pronounced antioxidant activity. This activity is attributed to their ability to maintain endogenous enzymatic antioxidant systems in cells at a physiological level, neutralize free radical reactions, chelate iron ions and inhibit lipid peroxidation. The chelation of iron ions by phenolic compounds is particularly important because iron can catalyze the formation of ROS through the Fenton reaction. Inhibiting this reaction can help prevent the formation of harmful ROS and reduce oxidative stress in cells [9,43,44,45,46,47].



The phenolic groups are radical scavengers and form highly stable phenoxy radicals, thereby interrupting oxidation chain reactions in the cell [48]. The therapeutic effects of phenolic compounds, which are attributed to their antioxidant properties, have important pharmacological implications in the treatment of a wide range of diseases characterized by changes in cell metabolism and growth. However, the oxidative stress-modulating effects of phenolic compounds are not limited to their antioxidant properties, as observed in normal tissues with the physiological pH. It is well known that this parameter is shifted to the acidic side in the microenvironment of tumors, which is the main cause of the migration and invasion of neoplastic cells [49,50]. Under such conditions, phenols begin to exhibit pro-oxidant properties, which induce the apoptotic death of transformed cells. This is due to their auto-oxidation in such an environment, resulting in the formation of a complex combination of semiquinones and quinones. Additionally, considering the fact that tumor cells exhibit reprogramming of transition metal metabolism and, as a result, excessively high levels of iron or copper ions, the oxidation of phenols under such conditions also leads to the formation of radicals, including highly reactive ones such as superoxide anion radicals [51,52]. Such pro-oxidant activity of phenolic compounds can induce lipid peroxidation, DNA damage and cell apoptosis. It should be emphasized that the pro-oxidant properties of phenolic compounds, which lead to aberrant generation of ROS to a cytotoxic level, are observed specifically in tumor cells but not in normal cells due to differences in transition metal concentrations and metabolic activity [47]. Thus, the switching of the antioxidant properties of phenolic compounds observed in a healthy microenvironment to pro-oxidant action is an undeniable advantage in developing therapeutic strategies for the treatment of malignant neoplasms, providing selectivity for antitumor effects and avoiding side effects.



It is precisely due to the above-described properties of phenolic compounds that the results obtained for phosphorylated SHP hybrids in our study can be explained. Analysis of the effect of the synthesized compounds on the process of lipid peroxidation in the rat brain homogenates, which essentially represents a model reproducing normal conditions for the action of phenols, showed the presence of antioxidant activity for all investigated substances. In turn, analysis of the extracellular content of ROS directly in HuTu tumor cells using flow cytometry showed a significant increase in free radicals under the action of 11b and 17b. The obtained data confidently confirm the hypothesis of the paradoxical dual action of phenolic compounds on processes related to oxidative stress depending on the conditions.



As one of the mechanisms of cytotoxic action detected for phosphorylated SHPs containing urea aryl and heterocyclic fragments, the ability of 11b and 17b to inhibit the process of glycolysis was revealed. Such an ability to modulate the metabolism of tumor cells is likely to be associated with the inclusion of urea/thiourea fragments in their structure. A data series indicates disruptions in glucose homeostasis caused by direct exposure to urea, which is associated with a decrease in its utilization due to inhibition of the activity of key glycolysis enzymes [47]. Furthermore, derivatives of urea such as N,N′-bis(3,5-dichlorophenyl)urea have been shown to induce apoptotic cell death in several lines of tumor cells by modulating mitochondrial function. This includes uncoupling mitochondrial oxidative phosphorylation and depolarizing the mitochondrial membrane, which activates the transport of various molecules through the lipid bilayer and leads to the leakage of pro-apoptotic factors from the internal contents of organelles [53]. Thus, inclusion of a pharmacophore fragment linked to urea in a complex molecule may be the reason for the formation of a multi-target agent with high antitumor potential.



The conducted electrochemical experiments have also established that the biological activity of SHPs is related to the overall redox capacity of the molecule. It is important to note that oxidation at the first potential of the OH group provides the best characteristics for antioxidant and antitumor activity, as other important fragments that bind to DNA molecules are not affected by oxidation. For the studied compounds that showed good selectivity and high cytotoxicity, their wave character in semi-differential cyclic voltammetry was significantly unchanged when pH was reduced.



The structure–activity relationship (SAR) of a series of new diarylmethylphosphonates combining SHP and thiourea/urea moieties (Figure 12) showed that derivatives based on thiourea, unlike urea, do not exhibit cytotoxicity towards M-Hela, MCF-7 and HuTu80 tumor cells, with the exception of compound 18c. Interestingly, the tested aryl-substituted urea derivatives exhibit better cytotoxicity than phenyl ureas. Compounds 11b and 17b, containing Cl− and NO2 groups in the para position of phenylurea, showed lower cytotoxicity towards the Chang liver normal cell line while maintaining high cytotoxicity towards the HuTu 80 tumor line with a selectivity index (SI) above three. In addition, the same 11b and 17b compounds, containing a nitro group and a chlorine atom, also showed the best ability to inhibit the process of glycolysis. If we evaluate the influence of substituents on the phosphorus atom in terms of the activity of the obtained series of diarylmethylphosphonates, it can be noted that the presence of a diethylphosphoryl fragment is beneficial.



Our studies showed the promise of compounds exhibiting antitumor properties on the basis of new diarylmethyl phosphonates combining SHP and urea fragments. The lead compounds in the series of 11b and 17b have a confirmed mechanism of cytotoxic action and show great potential for further optimization.




4. Materials and Methods


4.1. Materials


Chemicals


The reagents and solvents used for all activities presented in this research were purchased from local suppliers. Dialkyl/diphenyl[(3,5-di-tert-butyl-4-hydroxyphenyl)(2,4-diaminophenyl)methyl]phosphonate 2a,b,d (1.0 mmol) or dialkyl/diphenyl[(3,5-di-tert-butyl-4-hydroxyphenyl)(2,6-diaminopyridin-3-yl)methyl]phosphonate 3a–d were synthesized according to the literature [37,54].





4.2. General Procedures for Compound Identification


The 1H- and 13C-NMR spectra were recorded on a Bruker AVANCE 400 spectrometer (Bruker BioSpin, Rheinstetten, Germany) operating at 400 MHz (for 1H NMR), 101 MHz (for 13C NMR) and 162 MHz (for 31P NMR); Brucker AVANCEIII-500 spectrometers (Bruker Corporation, Rheinstetten, Germany) operating at 500 MHz (for 1H NMR) and 126 MHz (for 13C NMR); and Brucker AVANCEIII-600 spectrometers (Bruker Corporation, Rheinstetten, Germany) operating at 600.13 MHz (for 1H NMR), 150.19 MHz (for 13C NMR) and 242.94 MHz (for 31P NMR). Chemical shifts were measured in δ (ppm) with reference to the solvent (δ = 2.56 ppm and 39.52 ppm for DMSO-d6 for 1H and 13C NMR, respectively). IR spectra were recorded on an IR Fourier spectrometer Tensor 37 (Bruker Optik GmbH, Germany) in the 400–3600 cm−1 range in KBr. The mass spectra were obtained on a Bruker Daltonics MALDI TOF/TOF instrument. Elemental analysis was performed on a CHNS-O Elemental Analyser EuroEA3028-HT-OM (EuroVector S.p.A., Milan, Italy). The melting points were determined on a JK-MAM-4 Melting-point Apparatus with Microscope (SGW-X4 JINGKE SCIENTIFIC INSTRUMENT Co., Shanghai, China). The progress of reactions and the purity of products were monitored by TLC on Sorbfil UV-254 plates (Sorbpolimer, Krasnodar, Russia); the chromatograms were developed under UV light.



To a 5 mL chloroform solution of dialkyl/diphenyl[(3,5-di-tert-butyl-4-hydroxyphenyl)(2,4-diaminophenyl)methyl]phosphonate 2a,b,d (1.0 mmol) or dialkyl/diphenyl[(3,5-di-tert-butyl-4-hydroxyphenyl)(2,6-diaminopyridin-3-yl)methyl]phosphonate 3a–d (1.0 mmol), the phenyl isocyanate (8.0 mmol), respective aryl isocyanate (8.0–12.0 mmol) or phenyl isothiocyanate (8.0 mmol) was added. The resulting solutions were stirred on a magnetic plate until a precipitation formed at ambient temperature for 4 h (5a–d; 6a,b,d), 12 h (8a–d) or 3 h (9a–d; 10a–d; 11c,d; 12c,d; 13a,b,d–17a,b,d), while 18a–d and 19a,b,d were heated under reflux for 15 h. The precipitate was filtered off, washed once with ethyl acetate and hexane and dried under vacuum (0.06 mm Hg) at 40 °C to constant weight. Synthetic procedures, compound characterization data (Supplementary Materials pp. 2–22) and the 1H-,31P-,13C-NMR spectra of compounds 5a–d; 6a,b,d; 7a,b; 8a–d–10a–d; 11c,d; 12c,d; 13a,b,d–17a,b,d; 18a–d and 19a,b,d are included in the Supplementary Materials (Figures S8–S103).




4.3. Biology


4.3.1. Cells and Materials


For the experiments, we used tumor cell cultures M-HeLa clone 11 (epithelioid carcinoma of the cervix, subline HeLa., clone M-HeLa), HuTu 80 (human duodenal adenocarcinoma) and MCF7 (human breast adenocarcinoma (pleural fluid)) from the collection of the Institute of Cytology, Russian Academy of Sciences (St. Petersburg); human liver cells (Chang liver) from the collection of the Research Institute of Virology at the Russian Academy of Medical Sciences (Moscow); and SH-SY5Y (neuroblastoma)from the Laboratory of Tumor Cell Genetics at the Scientific Research Institute of Carcinogenesis N.N. Blokhin National Medical Research Center of Oncology.




4.3.2. Cytotoxicity Assay


The cytotoxic effect on cells was determined using the colorimetric method of cell proliferation—the MTT test. NADP-H-dependent cellular oxidoreductase enzymes can, under certain conditions, reflect the number of viable cells. These enzymes are able to reduce the tetrazolium dye (MTT)-3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide to insoluble blue-violet formazan, which crystallizes inside the cell. The amount of formazan formed is proportional to the number of cells with active metabolism [55].



Cells were seeded on a 96-well Nunc plate at a concentration of 5 × 103 cells per well in a volume of 100 μL of medium and cultured in a CO2 incubator at 37 °C until a monolayer was formed. The nutrient medium was then removed and 100 µL solutions of the test drug at the given dilutions were added to the wells, which were prepared directly in the nutrient medium with the addition of 5% DMSO to improve solubility. After 48 h, the nutrient medium was removed from the plates and 100 µL of the nutrient medium without serum with MTT at a concentration of 0.5 mg/mL was added and incubated for 4 h at 37 °C. Formazan crystals were added to 100 µL of DMSO in each well. Optical density was recorded at 540 nm on an in vitro logic microplate reader (Russia). The experiments for all compounds were repeated in triplicate.




4.3.3. Flow Cytometry Assay


Cell Culture. M-HeLa cells at 1 × 106 cells/well in a final volume of 2 mL were seeded into six-well plates. After 48 h of incubation, various concentrations of test compounds were added to wells.



Cell Apoptosis Analysis. The cells were harvested at 2000 rpm for 5 min and then washed twice with ice-cold PBS, followed by resuspension in binding buffer. Next, the samples were incubated with 5 μL of annexin V- Alexa Fluor 647 (Sigma-Aldrich, St. Louis, MO, USA) and 5 μL of propidium iodide for 15 min at room temperature in the dark. Finally, the cells were analyzed by flow cytometry (Guava easy Cyte, Merck, Rahway, NJ, USA) within 1 h. The experiments were repeated in triplicate.



Mitochondrial Membrane Potential. Cells were harvested at 2000 rpm for 5 min and then washed twice with ice-cold PBS, followed by resuspension in JC-10 (10 µg/mL) and incubation at 37 °C for 10 min. After the cells were rinsed three times and suspended in PBS, the JC-10 fluorescence was observed by flow cytometry (Guava easy Cyte, Merck, USA).



Detection of Intracellular ROS. M-HeLa cells were incubated with compound 17b at concentrations of IC50/2 and IC50 for 48 h. ROS generation was investigated using flow cytometry assays and the CellROX® Deep Red flow cytometry kit. For this, M-HeLa cells were harvested at 2000 rpm for 5 min and then washed twice with ice-cold PBS, followed by resuspension in 0.1 mL of medium without FBS, to which was added 0.2 μL of CellROX® Deep Red before incubation at 37 °C for 30 min After washing the cells three times and suspending them in PBS, the production of ROS in the cells was immediately monitored using a flow cytometer (Guava easy Cyte, Merck, USA).




4.3.4. Assessment of Lipid Peroxidation (LPO)


Rat brain homogenates. Whole brain homogenates (≈2.5 mg protein/mL) were obtained from 3-month-old male rats. Rats were decapitated under CO2 anesthetic conditions and the whole brain tissue was quickly isolated and placed on ice. Brain samples were washed and homogenized in buffer containing KCl (120 mM) and HEPES (20 mM) at pH = 7.4 using a Teflon glass homogenizer. The obtained material was then centrifuged at 4000 rpm for 10 min and a supernatant was collected, which was stored at a temperature of 4 °C until further lipid peroxidation analysis.



TBARS test. The lipid peroxidation assay was carried out using the modified method as described earlier [56]. The optical density of the selected supernatant containing malonic dialdehyde was measured on a plate analyzer (Cytation3, BioTech Instruments Inc., Winooski, VT, USA) at λ = 540 nm.




4.3.5. Membrane Potential of Isolated Mitochondria


The membrane potential of rat brain mitochondria was measured with a Victor 3 plate analyzer (Perkin Elmer, Hamburg, Germany) using the potential-dependent indicator Safranin A [57]. The mitochondrial preparation was diluted in a buffer containing mannitol (225 mM) (Dia-M, Moscow, Russia), sucrose (75 mM) (Sigma Aldrich, Saint Louis, MO, USA), HEPES (10 mM) (Gibco, Scotland, UK), EGTA (20 µM) (Dia-M, Moscow, Russia) and KH2PO4 (1 mM) at pH = 7.4 at a ratio of 0.5 mg of protein to 1 mL of medium. Safranin A (5 µM) was added to the suspension immediately before the start of the measurement. The organelles were then energized by potassium succinate (5 mM) in the presence of rotenone (1 µM). Mitochondrial pore opening was induced by the addition of CaCl2 (25 µM).




4.3.6. Glycolysis Flux Assay


The ability of synthesized compounds to modulate anaerobic glycolysis was studied using the Agilent Seahorse XF96e Analyzer (Seahorse Bioscience, Billerica, MA, USA) on the neuroblastoma SH-SY5Y cell line (40,000 cells per well) as described earlier [56].



Glycolysis was measured by subtracting the maximum rate of extracellular acidification of the medium before glucose injection from the maximum rate before oligomycin injection. Glycolytic capacity was measured by subtracting the maximum velocity value before glucose injection from the maximum velocity value after oligomycin injection. Glycolytic reserve was defined as the difference between glycolytic capacity and glycolysis.




4.3.7. Statistical Analysis


IC50 values were estimated using the Quest Graph IC50 Calculator (AAT Bioquest, Inc., Sunnyvale, CA, USA) (Version 2022) (accessed on 25 June 2022) [58].





4.4. Electrochemical Measurements


Electrochemical measurements were taken on a BASi Epsilon EClipse electrochemical analyzer (West Lafayette, IN, USA). The program concentrated cEpsilon-ECUSB-V200 waves at the potential scan rate t = 100 mV∙s−10 in a CH3CN 0.1 M solution of Bu4NBF4 at 295 K. A glassy carbon working electrode (ð = 3 mm) embedded in Teflon and a Pt wire as the counter electrode were used in the electrochemical cell. Before each measurement, the surface of the working electrode was mechanically polished. Ag/AgCl (0.01 M KCl) was used as a reference electrode. The reference electrode was connected with the cell solution by a modified Luggin capillary filled with the supporting electrolyte solution (0.1 M Bu4NBF4 in CH3CN). Thus, the reference electrode assembly had two compartments, each terminated with an ultra-fine glass frit to separate the AgCl from the analyte. The scan rate was 100 mV∙s−1. The measurements were performed in a temperature-controlled electrochemical cell (volume from 5 mL to 20 mL) in an inert gas atmosphere (N2).




4.5. Molecular Docking


The corresponding structures were found in the PDB protein structure bank for pyruvate kinase and hexokinase—4G1N and 5HEX. The structures were loaded and processed with the Protein Preparation Wizard subprogram of the Schrodinger Suite [59,60,61,62,63,64,65,66,67,68,69,70,71]. Missing loops and side chains, if any, were restored; preprocessing was performed using the Prime module [60,61,62,63,64], with hydrogen bonds optimized; non-key water and other non-key small molecules, if any, were removed; and limited minimization of protein geometry was performed using the OPLS3e force field [65].



Ligand structures were prepared using the subprogram LigPrep [66].



Docking to the active centers of proteins was performed using the Induced Fit Docking protocol [64,67,68,69,70,71], and redocking of the reference ligand was performed to verify the chosen method. Active centers for Induced Fit Docking were declared as cubes centered at the geometric coordinate center of the corresponding co-crystallized ligands. The edge of the cubes corresponded to the possibility of docking ligands co-crystallized with the reference protein. Amino acids within a 5 Å radius of the ligand atoms were processed by the Prime module based on the results of the pre-docking of ligands in the Induced Fit algorithm. Glide docking post-processing was performed using the standard precision protocol.



The RMSD of the reference ligand of the 5HEX structure was 0.7096, indicating that the reference pose is reproduced well and the docking method to the active center of hexokinase protein is chosen well.



The RMSD of the reference ligand of the 4G1N structure was 1.0080, indicating that the reference pose is reproduced satisfactorily and that the method of docking into the active center of the pyruvate kinase protein is selected satisfactorily enough.





5. Conclusions


A series of novel anticancer smart agents were created by attaching a phenol (SHP), a diaryl urea and a phosphonate group at the same carbon. This combination of complementary pharmacophores resulted in interesting and useful properties for the resulting family of molecules. Several of the 45 new hybrid compounds of this family show high cytotoxic activity against tumor cells. In the study of the mechanisms of toxic action, it was found that substances that reduce the survival of neoplastic cells are capable of inhibiting the process of glycolysis in SH-SY5Y neuroblastoma cells by blocking the allosteric center of pyruvate kinase M2, thus leading to powerful dissipation of the mitochondrial membrane and causing an energy collapse.



It is interesting to note that the discovered selective toxic effect for some compounds, specifically against the tumor microenvironment, may be due to the presence of a sterically hindered phenol fragment in the molecule, which allows for switching of the antioxidant properties exhibited by substances under normal conditions to a pro-oxidant effect in HuTu 80 tumor cells through the significantly increased production of free radicals.



In addition, during electrochemical experiments, it was established that such an effect is associated not only with the oxidative potential of the OH group, but also with the overall redox capacity of the entire molecule. For compounds with the most promising profile of antitumor activity identified as a result of the “structure–activity” analysis (11b and 17b), an additional ability to induce apoptosis in neoplastic cells through the intrinsic mitochondrial pathway was discovered.



Thus, the lead compounds 11b and 17b can be considered as promising substances for further chemical optimization aimed at creating advanced antitumor smart agents based on them with improved characteristics.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241612637/s1. References [72,73,74,75,76,77,78] are cited in the supplementary materials.





Author Contributions


Synthesis—H.B.T.N., T.T.N., R.Z. and E.G.; supervision (chemistry)—E.G. and N.A.; biological studies—M.N., Y.A., E.V., S.A. and A.L.; biological studies supervision—M.N. and A.V.; electrochemical measurement and supervision—M.K.; X-ray studies—J.V. and D.I.; NMR experiments—A.S.; quantum mechanical calculations—B.C. and K.C.; supervision (quantum mechanical calculations)—I.A.; molecular docking—K.V. and D.T.; molecular docking supervision—K.V. and N.S.; data curation—E.G., M.N., A.B., N.S. and O.S.; conceptualization—E.G., M.N., I.A., K.V., A.B., N.S. and O.S.; writing—original draft preparation—E.G., M.N. and M.K.; writing—review and editing—E.G., M.N., M.K., K.V., N.A., A.B., N.S., O.S. and I.A.; project administration—O.S. and I.A. All authors have read and agreed to the published version of the manuscript.




Funding


Synthesis and study of anticancer activities were carried out at the Arbuzov Institute of Organic and Physical Chemistry and were supported by the Ministry of Science and Higher Education of the Russian Federation at the FRC Kazan Scientific Center (grant No. 075-15-2022-1128). Two-dimensional NMR experiments were partially funded by the FRC Kazan Scientific Center of RAS. The synthesis of starting reagents was funded by the non-profit joint-stock company “Korkyt Ata Kyzylorda University”.




Institutional Review Board Statement


All animal work was carried out in accordance with the rules of Good Laboratory Practice in the Russian Federation (2016). The Bioethics Committee of IPAC RAS provided full approval for this research (Approval No. 70, date 31 March 2023).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article and Supplementary Material.




Acknowledgments


The authors are grateful to the Assigned Spectral-Analytical Center of the FRC Kazan Scientific Center of RAS for technical assistance in research. Also, the authors would like to acknowledge the “Centre for Collective Use of IPAC RAS” (IPAC research topic FFSN-2021-0013) for providing the opportunity to conduct the experiments using laboratory animals.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of all described compounds are available from E. Gibadullina.




References


	



Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does It Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41, 211–218. [Google Scholar] [CrossRef]

	



Panieri, E.; Santoro, M.M. Ros Homeostasis and Metabolism: A Dangerous Liason in Cancer Cells. Cell Death Dis. 2016, 7, e2253. [Google Scholar] [CrossRef]

	



Czowski, B.J.; Romero-Moreno, R.; Trull, K.J.; White, K.A. Cancer and PH Dynamics: Transcriptional Regulation, Proteostasis, and the Need for New Molecular Tools. Cancers 2020, 12, 2760. [Google Scholar] [PubMed]

	



Yang, W.Y.; Breiner, B.; Kovalenko, S.V.; Ben, C.; Singh, M.; LeGrand, S.N.; Sang, Q.X.A.; Strouse, G.F.; Copland, J.A.; Alabugin, I.V. C-Lysine Conjugates: PH-Controlled Light-Activated Reagents for Efficient Double-Stranded DNA Cleavage with Implications for Cancer Therapy. J. Am. Chem. Soc. 2009, 131, 11458–11470. [Google Scholar] [CrossRef]

	



Pérez-Herrero, E.; Fernández-Medarde, A. The Reversed Intra- and Extracellular PH in Tumors as a Unified Strategy to Chemotherapeutic Delivery Using Targeted Nanocarriers. Acta Pharm. Sin. B 2021, 11, 2243–2264. [Google Scholar] [PubMed]

	



Breiner, B.; Kaya, K.; Roy, S.; Yang, W.Y.; Alabugin, I.V. Hybrids of Amino Acids and Acetylenic DNA-Photocleavers: Optimising Efficiency and Selectivity for Cancer Phototherapy. Org. Biomol. Chem. 2012, 10, 3974–3987. [Google Scholar]

	



Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in Cancer Therapy: The Bright Side of the Moon. Exp. Mol. Med. 2020, 52, 192–203. [Google Scholar] [CrossRef] [PubMed]

	



Albuquerque, B.R.; Heleno, S.A.; Oliveira, M.B.P.P.; Barros, L.; Ferreira, I.C.F.R. Phenolic Compounds: Current Industrial Applications, Limitations and Future Challenges. Food Funct. 2021, 12, 14–29. [Google Scholar]

	



Singh, J.; Sahil, M.; Ray, S.; Dcosta, C.; Panjikar, S.; Krishnamoorthy, G.; Mondal, J.; Anand, R. Phenol Sensing in Nature Modulated via a Conformational Switch Governed by Dynamic Allostery. J. Biol. Chem. 2022, 298, 102399. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Jin, P.; Guan, Y.; Luo, M.; Wang, Y.; He, B.; Li, B.; He, K.; Cao, J.; Huang, C.; et al. Exploiting Polyphenol-Mediated Redox Reorientation in Cancer Therapy. Pharmaceuticals 2022, 15, 1540. [Google Scholar] [CrossRef]

	



Shatokhin, S.S.; Tuskaev, V.A.; Gagieva, S.C.; Markova, A.A.; Pozdnyakov, D.I.; Denisov, G.L.; Melnikova, E.K.; Bulychev, B.M.; Oganesyan, E.T. Synthesis, Cytotoxicity and Antioxidant Activity of New 1,3-Dimethyl-8-(Chromon-3-Yl)-Xanthine Derivatives Containing 2,6-Di-Tert-Butylphenol Fragments. New J. Chem. 2022, 46, 621–631. [Google Scholar] [CrossRef]

	



Burger, A.M.; Kaur, G.; Alley, M.C.; Supko, J.G.; Malspeis, L.; Grever, M.R.; Sausville, E.A. Tyrphostin AG17, [(3,5-Di-Tert-Butyl-4-Hydroxybenzylidene)-Malononitrile], Inhibits Cell Growth by Disrupting Mitochondria. Cancer Res. 1995, 55, 2794–2799. [Google Scholar]

	



Kotieva, I.M.; Dodokhova, M.A.; Safronenko, A.V.; Alkhuseyn-Kulyaginova, M.S.; Milaeva, E.R.; Nikitin, E.A.; Shpakovsky, D.B.; Kotieva, E.M.; Kotieva, V.M.; Starostin, S.I. Antitumor Effectiveness of Combination Therapy with Platinum and Hybrid Organotin Compound on the Lewis Epidermoid Carcinoma Model with Metronomic Administration. J. Clin. Oncol. 2022, 40, e15080. [Google Scholar] [CrossRef]

	



Jiang, X.; Hu, C.; Ferchen, K.; Nie, J.; Cui, X.; Chen, C.H.; Cheng, L.; Zuo, Z.; Seibel, W.; He, C.; et al. Targeted Inhibition of STAT/TET1 Axis as a Therapeutic Strategy for Acute Myeloid Leukemia. Nat. Commun. 2017, 8, 2099. [Google Scholar] [CrossRef]

	



Edwards, C.M.; Mueller, G.; Roelofs, A.J.; Chantry, A.; Perry, M.; Russell, R.G.G.; Van Camp, B.; Guyon-Gellin, Y.; Niesor, E.J.; Bentzen, C.L.; et al. ApomineTM, an Inhibitor of HMG-CoA-Reductase, Promotes Apoptosis of Myeloma Cells in Vitro and Is Associated with a Modulation of Myeloma in Vivo. Int. J. Cancer 2007, 120, 1657–1663. [Google Scholar] [CrossRef] [PubMed]

	



Gnanaguru, G.; Mackey, A.; Choi, E.Y.; Arta, A.; Rossato, F.A.; Gero, T.W.; Urquhart, A.J.; Scott, D.A.; D’Amore, P.A.; Ng, Y.S.E. Discovery of Sterically-Hindered Phenol Compounds with Potent Cytoprotective Activities against Ox-LDL–Induced Retinal Pigment Epithelial Cell Death as a Potential Pharmacotherapy. Free Radic. Biol. Med. 2022, 178, 360–368. [Google Scholar] [CrossRef] [PubMed]

	



Kupfer, R.; Dwyer-Nield, L.D.; Malkinson, A.M.; Thompson, J.A. Lung Toxicity and Tumor Promotion by Hydroxylated Derivatives of 2,6-Di-Tert-Butyl-4-Methylphenol (BHT) and 2-Tert-Butyl-4-Methyl-6-Iso-Propylphenol: Correlation with Quinone Methide Reactivity. Chem. Res. Toxicol. 2002, 15, 1106–1112. [Google Scholar] [CrossRef]

	



Bolton, J.L. Quinone Methide Bioactivation Pathway: Contribution to Toxicity and/or Cytoprotection? Curr. Org. Chem. 2014, 18, 61–69. [Google Scholar] [CrossRef]

	



Lalitha Naishima, N.; Faizan, S.; Raju, R.M.; Satya, A.; Sruthi, V.L.; Ng, V.; Kumar Sharma, G.; Vasanth, K.S.; Kumar Shivaraju, V.; Ramu, R.; et al. Design, Synthesis, Analysis, Evaluation of Cytotoxicity Against MCF-7 Breast Cancer Cells, 3D QSAR Studies and EGFR, HER2 Inhibition Studies on Novel Biginelli 1,4-Dihydropyrimidines. J. Mol. Struct. 2023, 1277, 84–92. [Google Scholar] [CrossRef]

	



Neidlinger, A.; Förster, C.; Heinze, K. Conformational Switching of Multi-Responsive Ferrocenyl-Phenol Conjugates. European J. Org. Chem. 2016, 2016, 4852–4864. [Google Scholar] [CrossRef]

	



Klopčič, I.; Dolenc, M.S. Chemicals and Drugs Forming Reactive Quinone and Quinone Imine Metabolites. Chem. Res. Toxicol. 2019, 32, 1–34. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Wang, W.; Moe, B.; Wang, H.; Li, X.F. Chemical and Toxicological Characterization of Halobenzoquinones, an Emerging Class of Disinfection Byproducts. Chem. Res. Toxicol. 2015, 28, 306–318. [Google Scholar] [CrossRef]

	



Wani, T.H.; Surendran, S.; Jana, A.; Chakrabarty, A.; Chowdhury, G. Quinone-Based Antitumor Agent Sepantronium Bromide (YM155) Causes Oxygen-Independent Redox-Activated Oxidative DNA Damage. Chem. Res. Toxicol. 2018, 31, 612–618. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.M.; Bordwell, F.G. Equilibrium Acidities and Homolytic Bond Dissociation Energies of the Acidic Carbon-Hydrogen Bonds in P-Substituted Triphenylphosphonium Cations. J. Am. Chem. Soc. 1994, 116, 968–972. [Google Scholar] [CrossRef]

	



Chugunova, E.; Gibadullina, E.; Matylitsky, K.; Bazarbayev, B.; Neganova, M.; Volcho, K.; Rogachev, A.; Akylbekov, N.; Nguyen, H.B.T.; Voloshina, A.; et al. Diverse Biological Activity of Benzofuroxan/Sterically Hindered Phenols Hybrids. Pharmaceuticals 2023, 16, 499. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Huang, R.; Gou, S.; Wang, Z.; Wang, H. Anticancer Platinum (IV) Prodrugs Containing Monoaminophosphonate Ester as a Targeting Group Inhibit Matrix Metalloproteinases and Reverse Multidrug Resistance. Bioconjugate Chem. 2017, 28, 1305–1323. [Google Scholar] [CrossRef]

	



Heidel, K.M.; Dowd, C.S. Phosphonate Prodrugs: An Overview and Recent Advances. Future Med. Chem. 2019, 11, 1625–1643. [Google Scholar] [CrossRef]

	



Hochdörffer, K.; Abu Ajaj, K.; Schäfer-Obodozie, C.; Kratz, F. Development of Novel Bisphosphonate Prodrugs of Doxorubicin for Targeting Bone Metastases That Are Cleaved PH Dependently or by Cathepsin B: Synthesis, Cleavage Properties, and Binding Properties to Hydroxyapatite as Well as Bone Matrix. J. Med. Chem. 2012, 55, 7502–7515. [Google Scholar] [CrossRef]

	



Listro, R.; Rossino, G.; Piaggi, F.; Sonekan, F.F.; Rossi, D.; Linciano, P.; Collina, S. Urea-Based Anticancer Agents. Exploring 100-Years of Research with an Eye to the Future. Front. Chem. 2022, 10, 995351. [Google Scholar] [CrossRef]

	



Wu, Y.-C.; Ren, X.-Y.; Rao, G.-W. Research Progress of Diphenyl Urea Derivatives as Anticancer Agents and Synthetic Methodologies. Mini Rev. Org. Chem. 2018, 16, 617–630. [Google Scholar] [CrossRef]

	



Machulkin, A.E.; Shafikov, R.R.; Uspenskaya, A.A.; Petrov, S.A.; Ber, A.P.; Skvortsov, D.A.; Nimenko, E.A.; Zyk, N.U.; Smirnova, G.B.; Pokrovsky, V.S.; et al. Synthesis and Biological Evaluation of PSMA Ligands with Aromatic Residues and Fluorescent Conjugates Based on Them. J. Med. Chem. 2021, 64, 4532–4552. [Google Scholar] [CrossRef]

	



Petrov, S.A.; Zyk, N.Y.; Machulkin, A.E.; Beloglazkina, E.K.; Majouga, A.G. PSMA-Targeted Low-Molecular Double Conjugates for Diagnostics and Therapy. Eur. J. Med. Chem. 2021, 225, 113752. [Google Scholar] [CrossRef]

	



Garuti, L.; Roberti, M.; Bottegoni, G.; Ferraro, M. Diaryl Urea: A Privileged Structure in Anticancer Agents. Curr. Med. Chem. 2016, 23, 1528–1548. [Google Scholar] [CrossRef] [PubMed]

	



Lin, B.; Waymouth, R.M. Urea Anions: Simple, Fast, and Selective Catalysts for Ring-Opening Polymerizations. J. Am. Chem. Soc. 2017, 139, 1645–1652. [Google Scholar] [CrossRef] [PubMed]

	



Gazizov, A.S.; Smolobochkin, A.V.; Rizbayeva, T.S.; Vatsadze, S.Z.; Burilov, A.R.; Sinyashin, O.G.; Alabugin, I.V. “Stereoelectronic Deprotection of Nitrogen”: Recovering Nucleophilicity with a Conformational Change. J. Org. Chem. 2023, 88, 6868–6877. [Google Scholar] [CrossRef]

	



Catalano, A.; Iacopetta, D.; Sinicropi, M.S.; Franchini, C. Diarylureas as Antitumor Agents. Appl. Sci. 2021, 11, 374. [Google Scholar] [CrossRef]

	



Gibadullina, E.; Nguyen, T.T.; Strelnik, A.; Sapunova, A.; Voloshina, A.; Sudakov, I.; Vyshtakalyuk, A.; Voronina, J.; Pudovik, M.; Burilov, A. New 2,6-Diaminopyridines Containing a Sterically Hindered Benzylphosphonate Moiety in the Aromatic Core as Potential Antioxidant and Anti-Cancer Drugs. Eur. J. Med. Chem. 2019, 184, 111735. [Google Scholar] [CrossRef]

	



Klippel, S.; Jakubikova, J.; Delmore, J.; Ooi, M.; Mcmillin, D.; Kastritis, E.; Laubach, J.; Richardson, P.G.; Anderson, K.C.; Mitsiades, C.S. Methyljasmonate Displays in Vitro and in Vivo Activity against Multiple Myeloma Cells. Br. J. Haematol. 2012, 159, 340–351. [Google Scholar] [CrossRef]

	



Wang, Y.; Hao, F.; Nan, Y.; Qu, L.; Na, W.; Jia, C.; Chen, X. PKM2 Inhibitor Shikonin Overcomes the Cisplatin Resistance in Bladder Cancer by Inducing Necroptosis. Int. J. Biol. Sci. 2018, 14, 1883–1891. [Google Scholar] [CrossRef]

	



Guo, M.; Wang, Z.; Wang, Z.; Zhang, L. Enhanced Electrochemical Determination of Quercetin in a Choline Chloride-Based Ionic Liquid. Anal. Methods 2023, 15, 1378–1386. [Google Scholar] [CrossRef]

	



Simić, A.; Manojlović, D.; Šegan, D.; Todorović, M. Electrochemical Behavior and Antioxidant and Prooxidant Activity of Natural Phenolics. Molecules 2007, 12, 2327–2340. [Google Scholar] [CrossRef] [PubMed]

	



Akyeva, A.Y.; Kansuzyan, A.V.; Vukich, K.S.; Kuhn, L.; Saverina, E.A.; Minyaev, M.E.; Pechennikov, V.M.; Egorov, M.P.; Alabugin, I.V.; Vorobyev, S.V.; et al. Remote Stereoelectronic Effects in Pyrrolidone- and Caprolactam-Substituted Phenols: Discrepancies in Antioxidant Properties Evaluated by Electrochemical Oxidation and H-Atom Transfer Reactivity. J. Org. Chem. 2022, 87, 5371–5384. [Google Scholar] [CrossRef] [PubMed]

	



Sestili, P.; Diamantini, G.; Bedini, A.; Cerioni, L.; Tommasini, I.; Tarzia, G.; Cantoni, O. Plant-Derived Phenolic Compounds Prevent the DNA Single-Strand Breakage and Cytotoxicity Induced by Tert-Butylhydroperoxide via an Iron-Chelating Mechanism. Biochem. J. 2002, 364, 121–128. [Google Scholar] [CrossRef] [PubMed]

	



Van Hung, P. Phenolic Compounds of Cereals and Their Antioxidant Capacity. Crit. Rev. Food Sci. Nutr. 2016, 56, 25–35. [Google Scholar] [CrossRef] [PubMed]

	



Uchida, M.; Nakajin, S.; Toyoshima, S.; Shinoda, M. Antioxidative Effect of Sesamol and Related Compounds on Lipid Peroxidation. Biol. Pharm. Bull. 1996, 19, 623–626. [Google Scholar] [CrossRef] [PubMed]

	



Socrier, L.; Quéro, A.; Verdu, M.; Song, Y.; Molinié, R.; Mathiron, D.; Pilard, S.; Mesnard, F.; Morandat, S. Flax Phenolic Compounds as Inhibitors of Lipid Oxidation: Elucidation of Their Mechanisms of Action. Food Chem. 2019, 274, 651–658. [Google Scholar] [CrossRef]

	



Jomová, K.; Hudecova, L.; Lauro, P.; Simunkova, M.; Alwasel, S.H.; Alhazza, I.M.; Valko, M. A Switch between Antioxidant and Prooxidant Properties of the Phenolic Compounds Myricetin, Morin, 3′,4′-Dihydroxyflavone, Taxifolin and 4-Hydroxy-Coumarin in the Presence of Copper(II) Ions: A Spectroscopic, Absorption Titration and DNA Damage Study. Molecules 2019, 24, 4335. [Google Scholar] [CrossRef]

	



Amić, A.; Marković, Z.; Dimitrić Marković, J.M.; Milenković, D.; Stepanić, V. Antioxidative Potential of Ferulic Acid Phenoxyl Radical. Phytochemistry 2020, 170, 112218. [Google Scholar] [CrossRef]

	



Boedtkjer, E.; Pedersen, S.F. The Acidic Tumor Microenvironment as a Driver of Cancer. Annu. Rev. Physiol. 2020, 82, 103–126. [Google Scholar] [CrossRef]

	



Cassim, S.; Pouyssegur, J. Tumor Microenvironment: A Metabolic Player That Shapes the Immune Response. Int. J. Mol. Sci. 2019, 21, 157. [Google Scholar] [CrossRef]

	



Torti, S.V.; Manz, D.H.; Paul, B.T.; Blanchette-Farra, N.; Torti, F.M. Iron and Cancer. Annu. Rev. Nutr. 2018, 38, 97–125. [Google Scholar] [CrossRef]

	



Morales, M.; Xue, X. Targeting Iron Metabolism in Cancer Therapy. Theranostics 2021, 11, 8412–8429. [Google Scholar] [CrossRef]

	



York, E.; McNaughton, D.A.; Roseblade, A.; Cranfield, C.G.; Gale, P.A.; Rawling, T. Structure–Activity Relationship and Mechanistic Studies of Bisaryl Urea Anticancer Agents Indicate Mitochondrial Uncoupling by a Fatty Acid-Activated Mechanism. ACS Chem. Biol. 2022, 17, 2065–2073. [Google Scholar] [CrossRef] [PubMed]

	



Gibadullina, E.M.; Shaekhov, T.R.; Badrtdinov, A.K.; Burilov, A.R. α-Phosphorylated 2,6-Di-Tert-Butyl-4-Methylidene-2,5-Cyclohexadienones in the Reactions with Meta-Phenylenediamine. Russ. Chem. Bull. 2014, 63, 1455–1456. [Google Scholar] [CrossRef]

	



Präbst, K.; Engelhardt, H.; Ringgeler, S.; Hübner, H. Basic Colorimetric Proliferation Assays: MTT, WST, and Resazurin. In Cell Viability Assays: Methods and Protocols; Gilbert Daniel, F., Friedrich, O., Eds.; Springer: New York, NY, USA, 2017; pp. 1–17. ISBN 978-1-4939-6960-9. [Google Scholar]

	



Neganova, M.; Semakov, A.; Aleksandrova, Y.; Yandulova, E.; Pukhov, S.; Anikina, L.; Klochkov, S. N-Alkylation of Anthracycline Antibiotics by Natural Sesquiterpene Lactones as a Way to Obtain Antitumor Agents with Reduced Side Effects. Biomedicines 2021, 9, 547. [Google Scholar] [CrossRef] [PubMed]

	



Akerman, K.E.; Wikström, M.K. Safranine as a Probe of the Mitochondrial Membrane Potential. FEBS Lett. 1976, 68, 191–197. [Google Scholar] [CrossRef]

	



AAT Bioquest, Inc. IC50 Calculator. 2023. Available online: https://www.aatbio.com/tools/ic50-calculator (accessed on 25 June 2022).

	



Schrödinger, LLC. Schrödinger Release 2023-1: Maestro; Schrödinger Inc.: New York, NY, USA, 2021. [Google Scholar]

	



Madhavi Sastry, G.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and Ligand Preparation: Parameters, Protocols, and Influence on Virtual Screening Enrichments. J. Comput. Aided Mol. Des. 2013, 27, 221–234. [Google Scholar] [CrossRef]

	



Schrödinger, LLC. Schrödinger Release 2023-1: Protein Preparation Wizard, Epik, Impact; Schrödinger Inc.: New York, NY, USA, 2021. [Google Scholar]

	



Jacobson, M.P.; Pincus, D.L.; Rapp, C.S.; Day, T.J.F.; Honig, B.; Shaw, D.E.; Friesner, R.A. A Hierarchical Approach to All-Atom Protein Loop Prediction. Proteins Struct. Funct. Genet. 2004, 55, 351–367. [Google Scholar] [CrossRef]

	



Jacobson, M.P.; Friesner, R.A.; Xiang, Z.; Honig, B. On the Role of the Crystal Environment in Determining Protein Side-Chain Conformations. J. Mol. Biol. 2002, 320, 597–608. [Google Scholar] [CrossRef] [PubMed]

	



Schrödinger, LLC. Schrödinger Release 2023-1: Prime; Schrödinger Inc.: New York, NY, USA, 2021. [Google Scholar]

	



Harder, E.; Damm, W.; Maple, J.; Wu, C.; Reboul, M.; Xiang, J.Y.; Wang, L.; Lupyan, D.; Dahlgren, M.K.; Knight, J.L.; et al. OPLS3: A Force Field Providing Broad Coverage of Drug-like Small Molecules and Proteins. J. Chem. Theory Comput. 2016, 12, 281–296. [Google Scholar] [CrossRef]

	



Schrödinger, LLC. Schrödinger Release 2023-1: LigPrep; Schrödinger Inc.: New York, NY, USA, 2021. [Google Scholar]

	



Farid, R.; Day, T.; Friesner, R.A.; Pearlstein, R.A. New Insights about HERG Blockade Obtained from Protein Modeling, Potential Energy Mapping, and Docking Studies. Bioorg Med. Chem. 2006, 14, 3160–3173. [Google Scholar] [CrossRef] [PubMed]

	



Sherman, W.; Day, T.; Jacobson, M.P.; Friesner, R.A.; Farid, R. Novel Procedure for Modeling Ligand/Receptor Induced Fit Effects. J. Med. Chem. 2006, 49, 534–553. [Google Scholar] [CrossRef] [PubMed]

	



Sherman, W.; Beard, H.S.; Farid, R. Use of an Induced Fit Receptor Structure in Virtual Screening. Chem. Biol. Drug Des. 2006, 67, 83–84. [Google Scholar] [CrossRef] [PubMed]

	



Schrödinger, LLC. Schrödinger Release 2023-1: Induced Fit Docking Protocol; Schrödinger Inc.: New York, NY, USA, 2021. [Google Scholar]

	



Schrödinger, LLC. Schrödinger Release 2023-1: Glide; Schrödinger Inc.: New York, NY, USA, 2021. [Google Scholar]

	



Sheldrick, G.M. SHELXTL v.6.12, Structure Determination Software Suite. Bruker AXS: Madison, WI, USA, 2000. [Google Scholar]

	



Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.; Puschmann, H. OLEX2: A Complete Structure Solution, Refinement and Analysis Program. J. Appl. Crystallogr. 2009, 42, 339–341. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16, Revision C.01; Gaussian Inc.: Wallingford, CT, USA, 2016.

	



Zhao, Y.; Truhlar, D.G. Exploring the Limit of Accuracy of the Global Hybrid Meta Density Functional for Main-Group Thermochemistry, Kinetics, and Noncovalent Interactions. J. Chem. Theory Comput. 2008, 4, 1849–1868. [Google Scholar] [CrossRef]

	



Zhao, Y.; Truhlar, D.G. Construction of a Generalized Gradient Approximation by Restoring the Density-Gradient Expansion and Enforcing a Tight Lieb-Oxford Bound. J. Chem. Phys. 2008, 128. [Google Scholar] [CrossRef]

	



Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping Function in Dispersion Corrected Density Functional Theory. J. Comput. Chem. 2011, 32, 1456–1465. [Google Scholar] [CrossRef]

	



Schwabe, T.; Grimme, S. Double-Hybrid Density Functionals with Long-Range Dispersion Corrections: Higher Accuracy and Extended Applicability. Phys. Chem. Chem. Phys. 2007, 9, 3397–3406. [Google Scholar] [CrossRef]








[image: Ijms 24 12637 g001 550] 





Figure 1. (A) General approach to the creation of new types of anticancer agents based on sterically hindered phenols and the redox cycle of phenol-quinone methide. (B) The redox switch induced by oxidative stress in tumors. (C) Examples of diaryl ureas in drug design. (D) Acidification of the benzylic C-H group beside the phenolic OH is an important element of this structural design as it activates the O-H group. Note that if benzylic carbon is deprotonated, the O-H bond is significantly weakened. (E) Effects of substituents on C-H acidity at benzylic positions. 
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Scheme 1. The synthesis of diarylmethylphosphonates containing sterically hindered phenols and (thio)urea moieties. 
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Figure 2. Molecular structures of compound 7a,b in crystals. Ellipsoids are shown with 50% probability. 
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Figure 3. 1H-31P HMBC correlations of compound 5d. 
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Figure 4. Antioxidant potential of the tested compounds. (a) Inhibition of lipid peroxidation (LPO) in rat brain homogenates (2 mg/mL) initiated by Fe(II) ions (concentration of 500 µM) in the tested compounds at a concentration of 100 µM. (b) Concentration dependences of LPO inhibition for the studied compounds in the concentration range from 1 µM to 100 µM. (c) Oxygen Radical Absorbance Capacity (ORAC) of the studied compounds and ORAC values expressed as Trolox equivalent (TE). (d) DPPH antiradical activity of the compounds under study and DPPH values expressed as TE. The concentration of studied compounds and Trolox was 100 µM, the concentration of DPPH was 100 μM, and the concentration of AAPH was 12 µM. Statistical significance was assessed using one-way ANOVA and Dunnett’s multiple comparison tests, where **** p < 0.0001, *** p < 0.001 and ** p < 0.01 vs. control. 
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Figure 5. Quantitative analysis of the intracellular ROS level of compounds 11b and 17b at concentrations of 1/2 IC50 and IC50 in HuTu 80 cells using the CellROX® Deep Red flow cytometry kit. Bars show the average percent of fluorescent positive cells out of the total number of cells (n = 3). Statistical significance was assessed using one-way ANOVA and Dunnett’s multiple comparison tests, where **** p < 0.0001 and ** p < 0.01 vs. control. 
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Figure 6. Effect of synthesized compounds on the glycolytic profile of (a–c) SH-SY5Y tumor cells and (d) calculated parameters of glycolytic function. The extracellular acidification rate (ECAR) is an indicator of glycolysis and shows the degree of extracellular acidification. The concentration of compounds was 100 µM, glucose—10 mM, oligomycin—1 µM и 2-fluoro-2-deoxy-D-glucose—25 mM. Data are presented as mean±error of the mean (n = 3). Statistical significance was assessed using one-way ANOVA and Dunnett’s multiple comparison tests, where **** p < 0.0001, *** p < 0.001, ** p < 0.01 and * p < 0.05 vs. control. 
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Figure 7. Docking of 11bR (a), 11bS (b) and 17bR (c) in allosteric activator pyruvate kinase PKM2. The indicated relationship with amino acids is shown for 11bR (polypeptide chain A: PHE 26—π–π stacking, polypeptide chain B: LYS 311—hydrogen bond, GLN 393—hydrogen bond), for 11bS (polypeptide chain A: TYR 390—hydrogen bond, polypeptide chain B: LYS 311—hydrogen bond, TYR 390—hydrogen bond, PHE 26—π–π stacking, LYS 311—π–cation interaction) and for 17bSR (polypeptide chain A: TYR 390—hydrogen bond, ARG 445—hydrogen bond, ARG 445—salt bridge, polypeptide chain B: LYS 311—hydrogen bond, PHE 26—π–π stacking). 
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Figure 8. Effect of the synthesized compounds on the membrane potential of rat liver mitochondria. (a) Kinetic lines of transmembrane potential changes at λex = 458 nm and λem = 590 nm. The concentration of the test substances was 100 µM. (b) Calculated parameters of % depolarization relative to control samples. Statistical significance was assessed using one-way ANOVA and Dunnett’s multiple comparison tests, where **** p < 0.0001 vs. control. (c) Concentration dependence of the effects of 11b and 17b on mitochondrial membrane potential. The concentration of the test substances was from 20 to 200 µM. Concentration of ions; Ca2+—25 µM. Mitochondria were energized by potassium succinate and rotenone. Data are presented as mean±error of the mean (n = 3). 
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Figure 9. (a) Analysis of mitochondrial membrane potential using flow cytometry of HuTu 80 cells treated with compounds 11b and 17b at concentrations equal to ½ IC50 and IC50. (b,c) Quantitative determination of % cells with red aggregates and green monomers for 11b and 17b, respectively. Data are presented as ± SD (n = 3). 
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Figure 10. Cyclic voltammogram for the oxidation of SHPs. Conditions: 0.1 mM CH3CN (0.1 M Bu4NBF4); potentials vs. Ag/AgCl; work electrode: GC; scan rate: 0.1 V/s. 






Figure 10. Cyclic voltammogram for the oxidation of SHPs. Conditions: 0.1 mM CH3CN (0.1 M Bu4NBF4); potentials vs. Ag/AgCl; work electrode: GC; scan rate: 0.1 V/s.



[image: Ijms 24 12637 g010]







[image: Ijms 24 12637 g011 550] 





Figure 11. Differences in the transition back to the phenolic form after electrooxidation using data for compounds 13b (red) and 14b (black). Such differences may be helpful in identifying potential effective and non-effective compounds. 
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Figure 12. The SAR of a series of new diarylmethylphosphonates containing SHP and thiourea/urea moieties for cytotoxic activity in vitro against tumor lines. 
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Table 1. Cytotoxic profile of the investigated diarylmethylphosphonates containing sterically hindered phenols and (thio)urea moieties.






Table 1. Cytotoxic profile of the investigated diarylmethylphosphonates containing sterically hindered phenols and (thio)urea moieties.





	
Compounds

	
IC50, µM




	
Cancer Cell Lines

	
Normal Cell Lines




	
*M-HeLa

	
MCF-7

	
HuTu 80

	
SH-SY5Y

	
Chang Liver






	
3a

	
16.1 ± 1.3

	
31.0 ± 2.6

	
>100

	
>100

	
>100




	
3b

	
17.1 ± 1.3

	
34.2 ± 3.0

	
86.6 ± 6.8

	
77.0 ± 1.9

	
>100




	
3c

	
38.0 ± 2.8

	
21.8 ± 1.7

(SI~5)

	
>100

	
30.4 ± 0.7

(SI~3)

	
100.5 ± 2.7




	
3d

	
7.4 ± 0.7

(SI~7)

	
16.4 ± 1.7

(SI~3)

	
63.2 ± 5.6

	
18.8 ± 0.2

	
52.3 ± 3.5




	
5b

	
62.5 ± 5.2

	
36.3 ± 2.8

	
20.0 ± 1.7

	
17.9 ± 1.9

	
31.4 ± 2.4




	
8b

	
62.04 ± 2.2

	
35.4 ± 2.8

	
8.0 ± 0.6

	
41.0 ± 0.3

	
13.0 ± 1.2




	
9d

	
78.9 ± 6.2

	
76.6 ± 6.2

	
50.0 ± 4.0

	
>100

	
>100




	
10b

	
>100

	
82.1 ± 6.5

	
45.0 ± 3.6

	
>100

	
81.2 ± 6.4




	
11b

	
70.0 ± 5.5

	
63.1 ± 4.9

	
25.7 ± 2.1

(SI~3)

	
46.4 ± 0.92

	
99.4 ± 7.8




	
13a

	
75.0 ± 6.0

	
77.4 ± 6.3

	
75.1 ± 6.1

	
>100

	
92.0 ± 7.2




	
13b

	
96.3 ± 7.5

	
57.7 ± 4.6

	
40.1 ± 3.1

	
86.3 ± 4.0

	
68.2 ± 5.4




	
14b

	
14.1 ± 1.2

	
13.7 ± 1.2

	
15.7 ± 1.3

	
27.0 ± 1.1

	
21.0 ± 1.8




	
15b

	
>100

	
96.3 ± 7.6

	
58.7 ± 4.6

	
>100

	
96.0 ± 7.6




	
16b

	
100.3 ± 8.6

	
>100

	
61.0 ± 4.8

	
>100

	
>100




	
17a

	
60.0 ± 4.7

	
73.6 ± 5.8

	
41.0 ± 3.1

	
>100

	
86.0 ± 6.6




	
17b

	
24.3 ± 1.9

(SI~3)

	
51.0 ± 4.2

	
13.2 ± 1.1

(SI~6)

	
54.8 ± 2.1

	
74.0 ± 5.9




	
18c

	
>100

	
44.0 ± 3.3

	
53.0 ± 4.1

	
>100

	
45.0 ± 3.6




	
Tamoxifen

	
28.0 ± 2.5

	
25.0 ± 2.2

	
-

	
-

	
46.2 ± 3.5




	
SF

	
25.0 ± 1.9

	
27.5 ± 2.3

	
6.2 ± 0.5

	
-

	
21.7 ± 1.7








*M-HeLa is a human cervix epithelioid carcinoma; MCF-7 is a human breast adenocarcinoma (pleural fluid); HuTu-80 is a duodenal adenocarcinoma; SH-SY5Y—neuroblastoma; Chang liver—normal cell line; SF—sorafenib. The experiments were repeated in triplicate. SI—selectivity index values relative to Chang liver.
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Table 2. Correlation of docking results to the binding sites of glucose-6-phosphate hexokinase 2 for different isomers of similar structures. The Docking Score is displayed in kcal/mol.
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	Compounds
	Docking Score
	Compounds
	Docking Score





	11bR
	−7.1
	11bS
	−7.8



	17bR
	−7.5
	17bS
	−7.1



	Reference
	−7.0
	Reference
	−7.0
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Table 3. Correlation of docking results to the activator allosteric site PKM2 for different isomers of similar structures. The Docking Score is displayed in kcal/mol.
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	Compounds
	Docking Score
	Compounds
	Docking Score





	11bR
	−13.5
	11bS
	−13.4



	17bR
	−13.7
	17bS
	-



	Reference
	−10.9
	Reference
	−10.9
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